Air pollution with particulate matter is a serious problem in Europe, especially in Poland. Despite the fact that the issue of particulate air pollution concerns both big agglomerations and smaller towns, and even villages, due to the population density and chemical composition of the particulate matter, the actions to limit the concentration are focused on big cities. In this study the data for 30 Polish cities and urban agglomerations from 2000-2016 was analyzed to show the temporal and spatial variability of the pollutants level and to prepare the prediction until 2020. The analysis showed that although for most cities a decreasing trend was observed, there are a few cities that will not achieve the assumed level in 2020. Another fact is that for some cities that currently meet the average annual standards, the limits in 2020 are expected to be exceeded.
Introduction
In order to reduce the negative impact of the particulate matter (PM) on human health and the environment, the EU has introduced directives relating to the reduction of emission and air quality standards. One of them, the Directive on ambient air and cleaner air for Europe (EUR-Lex 2008) establishes a standard for PM10 to 40 μg/m 3 (annual mean) and 50 μg/m 3 (daily mean) and for PM2.5 -25 μg/m 3 (annual mean). Poland, along with Bulgaria, belongs to the countries that fail to meet these standards the most frequently, contributing to approx. 50 thousand early deaths per year. In Poland in 2016, more than 90% of stations indicating concentrations above the annual PM limit were situated in urban areas. In the last few years, an excess number of days with exceedances has been noted in the majority of agglomerations, whereas in 2015, this issue concerned 11 out of 12 Polish agglomerations. However, it should be remembered that this issue concerns equally the agglomerations and small towns and sometimes even small villages (GIOŚ 2017a). Among the 10 most polluted cities in EU countries with a high income, 6 cities, in the case of PM10 and 10 in the case of PM2.5, are situated in Poland (WHO 2016) . Exposure to an elevated level of particulate matter has a significant influence on life expectancy. Research carried out in six cities of the United Stated indicates that the mortality is closely linked with very fine particulate air pollution (e.g. Dockery et al. 1993 ). The analyses for the city of Wrocław showed that the estimated number of deaths in relation to the PM2.5 concentration amounted to as many as 150-166 per 100 thousand inhabitants in 2014 (Sówka et al. 2016) . The researches prove that particulate matter is much more dangerous for people in urban areas since they contain more metals and toxic organic compounds such as PAH (Langner et al. 2011) , although the urban diversity, in terms of concentration and chemical composition of the particulate matter, is significant (Rogula-Kozłowska et al. 2014) . Despite the fact that the number of the EU countries that fail to meet the standards for limit PM concentrations decreases, the current tendencies indicate that the exceedances still will be occurring in many countries by 2020. In the case of PM10 averaged trend in annual mean concentrations for urban stations in EU in years 2000-2014 was -0.64 μg/ m 3 , and in the case of PM2.5 in years 2006-2014 the trend was only -0.34 μg/m 3 (EEA 2016).
The aim of this study is to assess the diversity of the state and trends for changes in 30 Polish urban areas. 
Research area
The particulate matter air pollution was analysed in 30 urban zones, i.e., Polish cities and urban agglomerations ( Fig. 1) . Their total surface area amounts to 6,159 km 2 , which constitutes approx. 2% of the country's area. The population in these zones amounts to approx. 11.6 million, which constitutes slightly over 30% of the country's population. The average population density amounts to 1,784 people/km 2 , the highest population density is observed in Warsaw agglomeration -3,393 people/km 2 , whereas the lowest -in Rybnik and Jastrzębie Zdrój agglomeration -977 people/km 2 .
Among 161 measurement stations active in 2016, presenting the average daily data, almost 90% had urban character, 7% represented the suburban type and the rest -the rural type. About one-third of the urban-type stations are situated in urban zones (cities and agglomerations). The density of stations presenting the averaged data for 24 h per 100 km 2 of the urban zone amounted to 2.5 in the case of PM10 and 1.1 for PM2.5. The cities of Silesian Voivodeship are characterised by particularly low density of the measurement network. In the case of PM10, this density amounts on average to 0.6 per each 100 km 2 .
Materials and methods
The first stage of the research was to gather data concerning the particulate matter concentration in urban zones. The data concerning the average daily particulate matter concentration for 106 and 50 measurement urban stations (respectively for PM10 and PM2.5) for 2000-2016 have been accessed from the GIOŚ (2017b). For the measurement of particulate matter, the methodology set out in Directive on ambient air quality and cleaner air for Europe (EUR-Lex 2008) is applied. In total 640,434 records were processed. The highest number of urban stations presenting the average daily data was situated in Warsaw agglomeration -9 for PM10 and 4 for PM2.5, whereas the lowest number in Bielsko-Biała, Częstochowa and Kalisz -1 for PM10 and PM2.5. The average daily data for each station were averaged for specific years and subsequently -for each one of 30 urban zones. Thereafter, the estimated particulate matter concentration in 2020 was calculated using trend analysis. This is a type of the regression analysis, where the observed values are the time series, in this case of PM concentrations. The result is the line described by calculated formula, its extension in the front can be used to make predictions. The average number of years taken into account in the case of PM10 amounted to 13, the minimal number is 9 (1 zone) and maximal -17 (4 zones). In the case of PM2.5, the average number of years amounted to 8, the minimal number -to 5 (1 zone) and maximal -to 13 (1 zone). In the prediction, only the admissible level for the given calendar year was analysed; neither the permissible frequencies of exceedance in the calendar year for PM10, nor the exposure concentration obligation and National Exposure Reduction Target for PM2.5 were taken into consideration. The obtained results were confronted with data on the emission of PM into the air. Their main source was Statistics Poland (GUS). Unfortunately, these statistics only cover emissions of air pollutants from plants especially noxious to air purity. This category of plants includes all organizational units specified by the Minister of Environment Protection on the basis of the amount of fees paid in 1986 for an annual emission of air pollutants. It means that these data do not cover the households and transport emissions which are responsible for the majority of PM pollution in the cities. Therefore, the described causes of PM concentration changes can be only the hypotheses.
Results
The average annual PM10 concentration between 2000-2016 for the urban zones and agglomerations amounted to 32.5 μg/ m 3 , whereas the first quartile concentration -to 24.1 μg/m 3 and third quartile to 42.2 μg/m 3 ( Fig. 2A ). In the case of PM2.5, these values are lower and amount respectively to 24.3, 20.5, and 25.9 μg/m 3 (Fig. 2B ).
In some cities the average annual concentration for years 2000-2016 is higher than annual statutory limits. In the case of PM10 concentration there is 4 such cities and in the case of PM2.5 even 10. In the three agglomerations of this region the mean annual limits of PM10 and PM2.5 concentration are permanently exceeded. This is due to the very high level of PM emissions.
In such cities as Dąbrowa Górnicza, Rybnik, Siemianowice Śląskie and Bytom the mean level of PM emission for years 2010-2016 from plants of significant nuisance to air quality on km 2 is many times higher than mean emission in cities of Poland (GUS BDL). In the city of Dąbrowa Górnicza this level is even ten times higher than mean value for all cities. Production of energy from fuel combustion is mainly responsible for this emission.
In some cities, e.g. in Dąbrowa Górnicza also unorganized emission from mine and waste dumps is also very important (GUS BDL).
A very bad situation also occurs in some cities outside the Silesia Voivodship. In Kraków, due to the overlapping of several factors, the situation is particularly bad. The first reason for high pollution is emissions caused by the operation of large industrial plants, including steel mills and combined heat and power plants. Although PM emission from plants of significant nuisance to air quality on km 2 in this city decreased by more than half in 2010-2016, it is still higher than in the average Polish city (GUS BDL). The second reason is transportation. In Kraków, in 2010-2016, the number of vehicles increased by as much as 110,000, which is the second result after Warsaw. Currently, there are over three times more cars on the streets of Kraków than in the average Polish city. The third reason is low volume of sales of heat energy converted into the volume of residential buildings. In 2010, it was lower than the average for Polish cities by 21%, but later this ratio quickly decreased to less than 1% in 2016. The dense medieval city center certainly hinders the development of district heating. The fourth factor affecting air pollution in this city is unfavorable relief. The city is located in the ground lowering, which makes it difficult to properly ventilate. Apart from Silesia Voivodeship and Kraków, there are also the Wrocław agglomeration, Częstochowa, Kalisz, Kielce, Legnica, Radom, Rzeszów and Tarnów that show excess PM2.5 concentrations. In the city of Tarnów bad situation is caused by level of PM emission, which in years 2010-2016 was 2.5 times higher than mean. Responsible for emission in this city are several factories, at the forefront with Grupa Azoty -manufacturer of nitrogen and compound fertilizers. In other cities of this group it is difficult to indicate one distinctive reason for air pollution.
In the vast majority of urban zones in Poland, a decreasing trend of the particulate matter concentration in the air is observed (Fig. 3) . In 4 cities the average annual concentration of PM10 showed a statistically important increasing trend: Bydgoszcz agglomeration (R 2 = 0.7), Elbląg (R 2 = 0.3), Koszalin (R 2 = 0.3) and Wałbrzych (R 2 = 0.4). In the case of these cities, the reason of increasing PM pollution is not the industry emission. In all these cities, with the exception of Koszalin, emission of particulate matter from plants of significant nuisance to air quality is decreasing. The main reason is the increase in emissions from households and transportation. Due to the increasing area of built-up areas, often scattered housing, the share of households heated individually is increasing. In these cities records a negative trend of sales of heat energy converted into the volume of residential buildings (GUS BDL). In addition, there are more vehicles in all cities. In Łódź, in years 2000-2016 the number of vehicles increased by 77 thousand, and in Wałbrzych in 2013-2016 it has tripled (GUS BDL). The worst situation in terms of the trend for changes takes place in Bydgoszcz agglomeration where the average annual increase of PM10 level for 9 measurement years was the clearest (R 2 = 0.74) and amounted to 2.2 μg/m 3 /year. In some cities, especially where is only one measuring station, the reason of changing indications of PM10 pollution could be just technical. In many cities in Poland the measurements of PM2.5 were started later than measurements of PM10. In Elbląg, both PM10 and PM2.5 measurements, were taken over by new station after 2009. This station was located closer to the city center, which could have caused the indications for PM10 since 2010 to be higher compared to PM2.5. In the case of PM2.5, the pollution has been increasing in Łódź agglomeration (Fig. 3 ), but this trend is not so clear (R 2 = 0.2). One of the reason of the pollution increasing in Łódź is transportation. In years 2000-2016 the number of vehicles in this city increased by 77 thousand (GUS BDL).
In general, it should be noted that increases took place in zones with the lowest pollution levels such as Koszalin (20.6 μg/m 3 ), Elbląg (21.8 μg/m 3 ), or Bydgoszcz agglomeration (24.9 μg/m 3 ). An exception is the agglomeration of Łódź where both the average PM10 concentration between 2000-2016 and the average PM2.5 concentration between 2004-2016 was higher than the mean for Poland and at the same time, there was an increase in concentrations, although, it was minor and irregular. The bad situation takes place in particular in Kraków agglomeration where we observe the highest average concentrations (for PM10 between 2000-2016 it is 56.3 μg/m 3 , and for PM2.5 between 2002-2016 it is 40 μg/m 3 ) and, at the same time, the decreases are minor (0.51 μg/m 3 for PM10 and 1.16 μg/m 3 for PM2.5). A slightly better situation is observed in Rybnik and Jastrzębie-Zdrój agglomeration, in particular in the case of PM10 where the average annual particulate matter concentration is very high (51.8 μg/m 3 ) and the decrease amounts to almost 2 μg/m 3 per year. The best situation takes place in the north of the country, in the Tricity agglomeration (Gdańsk, Gdynia and Sopot), in Olsztyn and in Szczecin. A good situation takes place also in Poznań and Zielona Góra. The decreasing trend in PM concentration in these cities results from a clear drop in emissions, especially in the case of Gdańsk, where the emission in years 2010-2013 was very high. A clearly decreasing trend in the case both, PM10 and PM2.5, could be also observed in cities Bielsko-Biała and Opole, despite that the PM concentration in these cities is usually higher than the mean for Polish cities. Assuming that the trend of changes continues in the future, there is probability that some cities will not reach the average annual statutory limits (Rozporządzenie Ministra Środowiska 2012), i.e. 40 μg/m 3 for PM10 and 25 μg/m 3 for PM2.5 (Tab. 1). Based on the trends of changes and their expected effect in 2020, the division of cities into five groups was made. In the first group there was only one city. In Bydgoszcz the increasing trend of PM10 is very clear and keeping the limit in 2020 is very doubtful. The second group are the cities, where despite lack of a clear trend or the existence of a declining trend, the keeping the limits is doubtful. The third group are the cities, where despite the existence of an increasing trend, the limits are not threatened. Forth group are the cities, where are no clear trends and the limits are not threatened. Fifth group are the cities, where are the clear declining trends and the limits are not threatened. In the case of PM10, the worst situation is in cities: Bydgoszcz, Upper Silesia, Kraków, and Rybnik and Jastrzębie-Zdrój, Tarnów, while in the case of PM2.5 in: the Upper Silesia, Kraków, and Łódź agglomerations (Fig. 4) . In the cities with the highest average concentrations, the annual decreases at the level of 0.5-0.7 μg/m 3 for PM10 and 1.2-0.0 -as in the case of Kraków agglomeration and Upper Silesia agglomeration are insufficient to reach the limits.
Discussion and conclusions
Despite the fact that the issue of particulate air pollution concerns both big agglomerations and smaller towns, and even villages, due to the population density and chemical composition of the particulate matter, the actions to limit the concentration are focused on big cities. Above-presented study shows that overall there is a decrease of PM pollution in Polish cities, but in many cases it not enough. Assuming that there will be no deviations from the average for the last 17 years, there will be several cities in Poland, where average annual air quality standards will be exceeded in 2020. Among them are the cities in which there are already exceedances, as well as the cities that did not have them so far. Unfortunately, the highest declines concerned mainly the cities with the highest particulate matter concentration. The main problem in the entire EU, in particular in Central and Eastern Europe, is heating houses using solid fuels, especially coal (EEA 2016) . The most popular tools to decrease the level of air pollution is replacement of solid fuel fired boilers, thermo-modernization of buildings and using renewable energy sources. Poland is working on this issue, but so far it has been insufficient. The indicator of ecological effectiveness of investments in the Kraków agglomeration, one of the most polluted and the most engaged in Poland, was low. For years 2013-2015, in the case of replacement of solid fuel boilers, it amounted to about 93 thous. €/Mg of PM10, and in the case of thermo-modernization of buildings up to 1.35 million. €/Mg of PM10 (Sprawozdanie z realizacji… 2016). Taking into account the fact that by 2020 the PM10 emission in the Kraków agglomeration is to be reduced by 1,230 Mg (Dziennik Urzędowy Województwa Małopolskiego 2017), the costs that need to be incurred are huge. Also, the measurement density at the level of 2.5/100 km 2 in the case of PM10 and 1.1/100 km 2 for PM2.5 seems to be insufficient. A very low number of stations in cities In order to reduce the pollution level, it is necessary not only to monitor and assess the trend of changes, but also to identify the reasons of pollution and to prevent them. We need to keep in mind, that the pollution level is not only a resultant of emission volume, but also of the dispersion of pollutants in the atmosphere and their deposition. Examples of such cities as Włocławek, Płock and Tarnów, show that despite a very high emission level, the particulate matter concentration may be low. In these cities, the pollution level is determined by topoclimatic conditions related to the ventilation of the city. In the case of Włocławek and Płock, ventilation is facilitated by the wide valley of the Vistula river that crosses these cities. There is no large river valley in Tarnów. The situation in this city proves how important for regulating of PM concentrations is the surface area and localization of agriculture areas with significant areas of natural vegetation. Although the share of forests in this city is low, a large share of small fields (50%), including meadows and pastures (13%), densely intersected by hedgerows, makes the concentrations of PM much lower than in cities with similar emission level, e.g. Kraków or Rybnik. Such type of land use can contribute to reducing the spread of pollution, as is the case of green areas in cities. The research of Wu et al. (2015) and Łowicki (2019) prove that the composition and configuration of particular forms of land-use is, along with the climatic conditions, of crucial importance and this aspect should be considered in spatial planning. Thus, it is necessary to conduct comprehensive analyses of concentration along with analysis of conditions of pollutants spreading and their deposition. In many cities quick parallel actions are needed at three levels: (a) investment, e.g. liquidation of solid fuel boilers, (b) legal, e.g. anti-smog resolutions of provincial governments, (c) planning, e.g. creation and implementation of protection programs and spatial planning taking into account the threats caused by air pollution.
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